Using first principles calculations we showed that the electronic and optical properties of single layer black phosphorus (BP) depend strongly on the applied strain. Due to the strong anisotropic atomic structure of BP, its electronic conductivity and optical response are sensitive to the magnitude and the orientation of the applied strain. We found that the inclusion of many body effects is essential for the correct description of the electronic properties of monolayer BP; for example while the electronic gap of strainless BP is found to be 0.90 eV by using semilocal functionals, it becomes 2.31 eV when many-body effects are taken into account within the G0W0 scheme. Applied tensile strain was shown to significantly enhances electron transport along zigzag direction of BP. Furthermore, biaxial strain is able to tune the optical band gap of monolayer BP from 0.38 eV (at -8% strain) to 2.07 eV (at 5.5%). The exciton binding energy is also sensitive to the magnitude of the applied strain. It is found to be 0.40 eV for compressive biaxial strain of -8%, and it becomes 0.83 eV for tensile strain of 4%. Our calculations demonstrate that the optical response of BP can be significantly tuned using strain engineering which appears as a promising way to design novel photovoltaic devices that capture a broad range of solar spectrum.
I. INTRODUCTION
With the synthesis of single graphene [1] [2] [3] layers, a new era of two-dimensional (2D) monolayer materials" emerged in condensed matter physics. It is believed that further advances in synthesis and fabrication of those monolayer crystals will pave the way in the exploration of many novel materials with exotic functionalities. Nowadays, single layers of functionalized graphenes [4] [5] [6] [7] [8] [9] [10] , transition metal dichalcogenides (TMDs), [11] [12] [13] [14] [15] [16] [17] [18] boron nitride (BN) 19 are readily accessible and some applications in nanoscale devices have been demonstrated. Although graphene is a fascinating 2D material, the lack of a bandgap in its electronic spectrum leads to a search for similar ultra-thin materials having a non-zero band gap.
Recently, the successful synthesis of single layer phosphorus crystal "phosphorene" (so called black phosphorus (BP)) triggered interest in this material. [20] [21] [22] [23] Single layer BP is an appealing material that can be implemented into various electronic device applications including gas sensor 24 , p-n junction 25 , solar cell application 26 and field effect transistor (FET) due to its sizable band gap (∼ 0.9 eV) and higher carrier mobility as compared to MoS 2 20,21,27-30 . Li et al. 20 fabricated FETs based on few-layer black phosphorus crystals and achieved reliable transistor performance at room temperature. Moreover, the stability and anisotropic structural properties of monolayer phosphorene were predicted by Liu et al. 21 . They observed a high on-current, a high hole field-effect mobility and a high on/off ratio in few-layer phosphorene FETs. Buscema et al. 27 demonstrated that black phosphorus is an appealing candidate for tunable photodetection applications due its unique properties such as (i) FETs allowing for ambipolar operation in the dark state and (ii) broadband (from the visible region up to 940 nm) with fast detection (rise time of about 1 ms) when illuminated. In a recent theoretical study by Dai et al. 31 it was shown that the direct bandgap of phosphorene depends on the number of layer(from 0.3 to 1.5 eV) and that a vertical electric field can be used to tune this bandgap.
Recently, accurate tight-binding (and GW) description of the electronic band structure of one to four layers black phosphorus and the importance of the interlayer hoppings were reported. 32 In addition, phosphorene nanoribbons (PNRs) were investigated using density functional theory 33, 34 . Tran et al. 33 reported the electronic structure and optical absorption spectra of monolayer phosphorene nanoribbons. They showed that the band gaps of armchair ribbons scale as 1/W 2 , while zigzag PNRs exhibit a 1/W behavior, where W is the width of the nanoribbon. The direction-dependent width dependence of the band gap was attributed to the nonrelativistic behavior of electrons and holes along the zigzag direction and the relativistic behavior along the armchair direction. The respective PNRs' host electrons and holes with markedly different effective masses and optical absorption spectra were found to be suitable for a wide range of applications. Han et al. 34 showed that electronic properties (i.e. effective mass of charge carriers) of passivated phosphorene nanoribbons exhibit a strong dependence on the orientation and strain.
Although the electronic and structural properties of mono-and few-layer phosphorenes have been investigated previously, the role of the strain on its properties have remained an open question so far. Recently, BP was shown to have a negative Poisson's ratio 35 and superior mechanical flexibility 36 that allows us to use it under extreme mechanical conditions. By using density functional theory and tight-binding models Rodin et al. 37 showed that the deformation in the direction normal to the crystal plane can be used to change the size of the energy bandgap and induce a semiconductor-metal transition. In addition Fei et al. 38 reported that the anisotropic free-carrier mobility of phosphorene can be controlled by applying biaxial and uniaxial strain. In the present study we investigate how its electronic and optical properties change under biaxial strain and calculate the exciton binding energy. We organize the paper as follows: electronic and transport properties of phosphorene under strain is presented in Sec. II and the optical response of monolayer phosphorene in the presence of biaxial strain is investigated in Sec. III. Our results are summarized in Sec. IV.
II. TRANSPORT PROPERTIES
Electronic transport through single layer phosphorene is calculated by using the self-consistent nonequilibrium Green's functions (NEGF) technique as implemented in TranSIESTA 39 , which is interfaced with the SIESTA code 40 . A double-ζ (plus polarization) numerical orbital basis set is used for the P atom. We employ a Troullier-Martins norm-conserving pseudopotential 41 , the GGA/PBE functional 42 , and an energy cutoff for the real-space mesh of 200 Ry. The electron transport is calculated along the armchair (x ) and zigzag (y) directions (see Fig. 1 ). In order to get accurate transmission spectrum, the 2D Brillouin zone normal to the transport direction is sampled by meshes composed of 100 k-points in the periodic direction. Fig. 2 shows the evolution of the band structure of the single layer BP with the applied in-plane biaxial tensile and compressive strain (ε xy ). Strain-free single layer BP is a direct band gap semiconductor with a GGA/PBE band gap of 0.9 eV at the Γ point. It is noteworthy to mention that BP has a highly anisotropic band dispersion around the band gap. In other words, the top of the valence band and the bottom of the conduction band have a much larger dispersion along the Γ-X direction as compared to the rather flat bands along the Γ-Y direction, resulting in significantly anistropic electronic properties. For instance, it was recently shown that the effective mass of electrons and holes are highly anisotropic.
38 For a better insight, in Fig. 3 , the real-space wave functions corresponding to the top of the valence band (marked as A), bottom of the conduction band (B) and the second lowest energy conduction band (C) at the Γ point are depicted for strainless BP. As seen in Fig. 3 , these three bands display very different spatial characters. The valence band edge (point A) has a non-bonding character in the y and an anti-bonding character in the x direction. The conduction band edge (point B), which is dominated by the p z -orbital, exhibits a bonding character along the y direction. In contrast, it has a non-bonding nature in the x direction.
For strain values of -5.5% ≤ ε xy ≤ +5.5%, BP monolayer remains a direct band gap semiconductor at the Γ point. At ε xy =-5.5%, direct and indirect band gap values are very close. Although not shown in Fig. 2 , when strain is -6%, BP becomes an indirect band gap semiconductor and a semiconductor-to-metal transition is observed above -6.5%. Interestingly, for uniaxial strains (either along zigzag or armchair directions), direct-toindirect and semiconductor-to-metal transitions occur at much larger strain values. 43 The band gap of BP exhibits a strong strain dependence. While compressive biaxial strain gives rise to a band gap lowering, tensile strain opens up the band gap up to ε xy =4%, but then reduces it at ε xy =5.5%. The reason for lowering in the band gap under larger tensile strain is that while the band edge B moves away from the band edge A, the edge C has the opposite tendency. Up to a critical tensile strain value at which the energy of the band edge C becomes lower than that of the band edge B, the band gap increases with strain. Once tensile strain exceeds the critical value, the band gap starts to decrease. For instance, while the band gap (at GGA-PBE level) is found to be 0.25 eV at ε xy =-5.5%, it becomes 1.19 eV at ε xy =4% and drops down to 1.03 eV at ε xy =5.5%. As seen in Fig. 2 , at ε xy =-8%, A (B) point moves above (below) the Fermi level and BP is a metal for this strain value.
One would expect that the observed variation in the electronic structure under strain can translate into a modulation in the electron conduction. The right column of Fig. 2 shows the conductance of BP monolayer as a function of strain. Consistent with the band structure plots, the band gap values (within -5.5% ≤ ε xy ≤ 4%) calculated in transport calculations decreases (increases) with compressive (tensile) strain. Due to the highly anisotropic electronic properties, conductance of monolayer BP shown in Fig. 2 exhibits a strong direction and strain dependence. In contrast, for MoS 2 monolayer, it was found that the electrical conductivity does not depend on the direction of the current in the presence of isotropic strain 44 . Applying external strain switches the band ordering at the Γ-point of the conduction band, see Fig. 2 .
As denoted in Fig. 3 , since the band edge B has a bonding (nonbonding) character along the y(x)-direction, the expansion of BP monolayer (especially along y direction) lowers the binding energy of this band, leading to an upward shift. In contrast, the band edge C has an antibonding character along the x-direction, and thus applying tensile strain results in a downward shift. However, compressive strain shifts the band edge C towards the higher energies to prevent the population of this band. For tensile strain, the conductivity along the y direction around the conduction band edge significantly enhances as a result of strain induced rotation of the electronic conduction around the Γ-point. This can be clearly seen in Fig. 2 when comparing the evolution of the conductance with strain within the shaded region in the conduction band. The second lowest empty band (which is labelled as C in Fig. 2 ) moves down with increasing strain, whose effect can be directly seen in the electrical conduction along the y direction. At ε xy =5.5%, this band has lower energy than band B which is the lowest energy empty band for -5.5% ≤ ε xy < 4%. In the vicinity of band edge C, the effective mass of the charge carriers in the y direction (Γ-Y) is much smaller than that in the x direction (Γ-X) 38 . In contrast, the effective mass of the charge carriers in the conduction band minimum (B point) exhibits the opposite behavior. Fig. 4 displays contour plots of the valence and conduction bands around the Γ point, which illustrates the anisotropic nature of those bands. The change of band order at Γ can be easily followed in Fig. 4 .
Another important point is that the high value conductance peaks also move towards lower energies with increasing strain, which significantly increases the conductivity around the conduction band edge. Especially, the effect of strain on the different bands are more pronounced around the Γ-point. As seen in Fig. 2 , the valence band along the Γ-Y direction is flat, resulting in a very large effective mass for holes. Therefore, the con- ductivity is quite low for this band along the Γ-Y direction (i.e., zigzag direction), see Fig. 2 . In addition, the valence band is found to be insensitive to the applied strain, which results in a quite similar conductivity for all strain values considered in this study. It appears that tensile strain dramatically modifies the electron transport properties of single layer BP.
III. OPTICAL PROPERTIES
One could expect that the excitonic effects are influential on the optical properties of BP due to the weak screening and reduced dimensionality. For a correct description of the optical properties of BP, many body interactions (electron-electron and electron-hole interaction for instance) must be taken into account. In this work, we calculated the optical spectra of monolayer BP under both compressive and tensile biaxial strains (ε xy ) using the Bethe-Salpeter-equation (BSE) method 45, 46 within the Vienna ab-initio simulation package (VASP) 47, 48 . First, hybrid-DFT calculations were performed within the HSE06 49-51 approach for single layer BP structure that was optimized using GGA-PBE. This is followed by one-shot GW (i.e., G 0 W 0 ) calculations to obtain the quasiparticle excitations [52] [53] [54] [55] [56] [57] . Finally, we carried out BSE calculations on top of G 0 W 0 in order to obtain the optical adsorption spectra by including excitonic effects using the Tamm-Dancoff approximation 58 . The BSE calculations were performed on a 9×13×1 k -mesh within the Monkhorst-Pack scheme. 59 The energy cutoff for the wavefunctions and for the response functions were set to 400 eV and 200 eV, respectively. Since the number of empty bands significantly influences the relative position of the quasiparticle energy states, we tested the convergence for 112 and 326 empty bands. The calculated quasiparticle gap and exciton binding energy are then converged within 0.05 eV. The six highest occupied valence bands and six lowest unoccupied conduction bands were included as basis for the excitonic states. Since GW calculations require a sufficiently large vacuum region, we use a vacuum region of at least 15 A to avoid spurious interaction between the periodic images. A complex shift of η=0.05 eV was employed to broaden the calculated absorption spectra. Table I summarizes the calculated electronic gap (E gap ), optical gap (E opt ) and exciton binding energy (E exc = E G0W0 gap -E opt ) for different strain values. The variation of the electronic and the optical properties of BP as a function of biaxial strain is plotted in Fig. 5 .
As seen in Table I and Fig. 5 , using hybrid functionals significantly enlarges E gap . While E gap for strainless BP monolayer is calculated as 0.90 eV, in consistent with previous calculations, in GGA-PBE, it becomes 1.59 eV when using HSE06. Inclusion of many body effects (G 0 W 0 ) further increases E gap to 2.31 eV (see Table I ). Previous theoretical studies predicted that E gap of single layer BP increases (decreases) under tensile (compressive) strain 43 . We observe that not only E gap but also E opt and E exc are very sensitive to the applied strain. Therefore, by tuning strain, optical properties of BP can be easily modified. Adversely, E exc hardly changes under strain for MoS 2 monolayer. 60 The experimental optical gap 21 for single layer BP was shown to be around 1.45 eV, in fair agreement with the present calculated value of 1.61 eV. In a recent experiment, since BP is placed on a SiO 2 surface, it is expected that screening effects weakens the binding and decreases the exciton binding energy, in qualitative agreement with our simulations 21 . Due to the reduced dimensionality and weak screening, our calculations predict a large exciton binding energy for strainless monolayer BP of 0.7 eV, which is in good agreement with recent theoretical works 61, 62 . Note that the calculated exciton binding energy for BP is comparable to those found for other monolayer semiconductors such as MoS 2 . E exc has been found to be in the order of 1 eV for single layer MoS 2 60,63-66 . Another point is that tensile strain up to ε xy =4% enhances the exciton binding due to the weakening of the dielectric screening as a result of a significant increase of the electronic band gap. It is worth to mention that when one uses PBE wavefunctions and eigenvalues as inputs for the GW calculations instead of HSE06, E opt is found to be 1.30 eV instead of 1.61 eV, pointing out to the significance of the HSE step in calculating the quasiparticle and optical gap.
As mentioned in the previous section, GGA-PBE functional predicts that single layer BP undergoes a semiconductor-to-metal transition when ε xy =-8%. However, both HSE06 and G 0 W 0 predict that BP is an indirect band gap semiconductor at this strain value with a gap of 0.32 (0.78) eV with HSE06 (G 0 W 0 ). In line with the present study, it was previously shown that the calculated vertical compressive strain value that is needed to induce a semiconductor-to-metal transition in bilayer MoS 2 was found to be much larger in GW than that in GGA-PBE 67 . Therefore, to predict the transition point accurately, GW calculations are essential. Fig. 6 displays the optical absorption spectra (ε 2 ) of single layer BP for light polarized along x (armchair) and y (zigzag) directions for different strain values. We also show the electronic band gap values calculated with G 0 W 0 . Similar to the transport properties, the optical absorption spectra displays a strong orientation dependence. It is clear that excitonic effects largely affect the optical spectra of BP. For all strain values, we notice an absorption peak along the x direction, since BP absorbs x-polarized light due to its anisotropic electronic structure. This peak is observed at 1.61 eV for strain-free BP, and it moves to lower (higher) energy under compressive (tensile) strain. We find three bound exciton states when ε xy =-4% and ε xy =0 and four bound exciton states for ε xy =4% with wavefunction localized in the x direction. Adversely, there is no bound exciton that is localized in the y direction, meaning that BP is transparent to polarized light along the y direction and when an exciton is formed, it strongly localizes along the x direction. Increasing tensile strain from 4% to 5.5% decreases the electronic band gap (at the G 0 W 0 level ) and optical gap to 2.72 and 2.07 eV, respectively. Similarly, exciton binding weakens and E exc for ε xy =5.5% becomes very close to that for ε xy =-4%. In addition, at ε xy =5.5%, the number of bound exciton states drops from four to two. Interestingly, while E opt and E exc increase up to ε xy =4% and then decrease at ε xy =5.5%, the first absorption peak always moves to higher energies as the strain changes from compressive to tensile.
These results confirm that strain has a significant effect on the optical properties. For instance, the absorption energy window of monolayer BP is tunable via strain. While BP monolayer under -4% compressive strain absorbs infrared light (energies between 1.1 eV and 1.7 eV), strainless BP can absorb the low energy part of the visible light spectrum (up to 2.4 eV). In addition, applying 4% tensile strain makes BP active almost over the whole visible range. Similar to interesting properties revealed by recent experiments on MoS 2 68 , strain engineering can be used to tune the optical properties of photovoltaic devices made from a strain engineered BP monolayer. 
IV. CONCLUSION
In conclusion, we performed first-principles calculations in order to determine the effect of biaxial strain on the electronic transport and optical properties of BP. We find that the optical absorption spectrum and the carrier conductivity are highly anisotropic and strongly depend on the amount of applied strain. The large variation in the calculated electronic band gap of BP shows clearly the importance of many body effects in electronic structure calculations. The exciton binding is found to be large due to the reduced dimensionality and weak screening. E exc is 0.70 eV for stainless BP, and it increases (decreases) to 0.83 eV (0.40 eV) at the strain value of +4% (-8%). In addition the optical gap varies by 1.5 eV when the strain changes from compressive to tensile. Here, strain engineering appears as a quite exciting way to tune the optical response and the electrical conductivity of BP which is potentially useful for device applications including flexible electronics and optical devices due to its atomically thin crystal structure and direct band gap. 
